10 241 these models, we show the effects of data removal on the model in the Supplementary 242 Information.
Data Simulation
244 To demonstrate how to use multiple-matrix animal models, we provide a simulated dataset 245 of a population of merpeople (mermaids and mermen). This imaginary population contains 246 ten semelparous generations, of between 150 and 250 individuals per generation (total 247 population size 1806). Half of each generation were selected and assigned to breeding 248 pairs at random (the other half were non-breeding), and offspring were then randomly 249 assigned to these pairs. To simulate extra-pair mating, 10% of offspring had one parent 250 reselected from the breeding population.
251 To simulate environments and their effects, each individual was assigned a location on a 252 50x50 grid, with the first generation positioned on the grid at random. Subsequent 253 generations dispersed from their mothers, following a lognormal distribution function (
254
, , see supplementary information). Five continuous environmental variables = 1 2 = 1 11 270 To demonstrate how social effect variance can be accounted for, we simulated a social 271 network of within-and between-generation interactions, based on the spatial locations of 272 individuals. Within generations, the probability of connection in the social network 273 declined with distance. Between adjacent generations, there was a weaker probability of 274 connections, although the probability remained higher for mother-offspring pairs. Non-275 adjacent generations had no direct links in the social network. , with variance . Direct effects of epigenetic marks or the = ∑ 5 = 1 , = ∑ 5 = 1 , 2 ≈ 1 284 social network were not simulated, but were expected to account for environmental 285 variance (Fig 1) . No covariances were simulated between variance components. 
Additive genetic variance
317 In a basic animal model, an individual ( ) has a trait value ( ) that is is composed of at least 318 the three following elements: the population mean ( ), the breeding value of the individual 319 ( , or the effect of the genotype relative to the population mean) and a residual ( ), such 320 that the total trait is . In a more general form, this can be rewritten as:
where is a vector of trait values in all individuals, is the design matrix relating fixed 322 effects to individuals, and is a vector of fixed effects. In the case the models here, which 323 contains the intercept and no fixed effects, is a vector of ones, and . is the design = 324 matrix relating random effects to each individual, and is a vector of random effects.
325 When only one random effect (the additive genetic effect) is included, becomes the 326 identity matrix ( ) and is a vector of additive genetic effects. Both and and are 327 assumed to be normally distributed with means of zero, and variances of and , 328 respectively (i.e. , ). Residual errors are assumed to be independent ∼ (0, ) ∼ (0, ) 329 between individuals, so that the variance-covariance matrix for is . Taking to = * 330 be the variance-covariance matrix for , this can be derived from the expected covariance 331 between relatives in additive genetic effects . is the additive genetic = * 332 relatedness matrix (Fig 2a) , which is derived from the pedigree or genomic relatedness 383 measures for individuals and ). This was scaled so that the matrix contains values 384 between 0 (dissimilar environments) and 1 (identical environments), with 1's on the 385 diagonal because individuals have an identical environment to themselves (Fig 2b) . Thus, 386 each element of the matrix is: Fig 3a) . This overestimation is due to the fact that there ℎ 2 = 0.538 398 were also direct environmental effects on the trait value that were not accounted for. Fig 4a) . Accordingly, = 1.73 = 1.833
449 the heritability estimate is also upwardly biased, (SE=0.04). ℎ 2 = 0.486 450 Including the environmental matrix in the animal model, we estimated a significant amount 451 of (direct) environmental variance in the trait (Fig 4b) ,
(SE=0.29, p<0.001). 504 consequence a large heritability was found (SE=0.038). ℎ 2 = 0.498 505 A model that included direct environmental variance, and maternal variance (using 506 maternal identity as a random effect) improved estimation (Fig 5b) , but remained 507 overestimated ( , SE=0.22, p<0.001). A large maternal effect was found ( = 1.459 547 environmental information, the value for each island was first scaled so that it had a mean 548 of zero and variance of one. From this scaled epigenetic information, the Euclidean 549 distances between all pairs of individuals were calculated (as in Johannes et al. 2009 ), and 550 then scaled to be between 0 and 1. Thus, the elements of the matrix are:
551 where and are the vectors of scaled epigenetic measures for individuals and , akin to 552 the elements of the matrix (equation 6). We expect that this matrix would capture 553 similar information to the environmental similarity matrix above -individuals that 554 experience similar environments will be more similar in their epigenome than those in 555 dissimilar environments. To distinguish between genetic and epigenetic variances, there 556 need to be epigenetic differences between relatives. If all epigenetic changes are obligatory 4e) . Heritability is (SE=0.042). Thus, there is some underestimation of the ℎ 2 = 0.313 570 maternal variance using the epigenetic similarity matrix, which is likely to be due to the 571 fact that the trait was not simulated directly on the epigenetic effects.
572 Currently, it is be challenging to obtain this sort of information for wild populations.
573 However, we hope that the feasibility of obtaining this data will improve over time, in the 574 same way that genotyping has. Therefore, the technique we present here will contribute to 575 a growing area of research. Using matrices of epigenetic similarities could also be useful in 576 laboratory or experimental situations. In cases where there is no genetic variation between 577 individuals (e.g. using clones), data requirements will be lower, as by definition. = 0 578 It should also be noted that in this simulation, using these alternative matrices technically 579 produces type 1 errors (false positives), as tail-fin colour and body size were not simulated 580 to be directly affected by either epigenetic or social effects. However, these models work as 581 a proof of concept.
Social network matrix
583 To include social network information in a model, we used non-weighted connections 584 between individuals to generate the matrix of geodesic distances between individuals 585 (i.e. the shortest path between individuals and ; Fig 2d) . Matrix diagonals must be , 586 one, so we adjusted the geodesic distances to have a path length of one to themselves, and 587 added one to all other distances. We then took the reciprocal of each element, so that 588 closely connected pairs had values close to one. Thus the elements of the matrix are:
589 A matrix that describes individuals' proximity or connectedness in a social network can 590 therefore be passed to the model to account for this:
591 where is variance in the direct effect of the social network similarity on trait values. This 592 model therefore estimates how much of the trait can be attributed to proximity of 593 individuals in their social network.
594 Parental social network variance can also be estimated using the matrix:
595 where is the variance associated with the maternal effect due to her social interactions.
596 For tail-fin colour, we found a small but significant amount of variance due to social 597 connections ( , SE=0.08, p<0.001). This was an underestimate of the variance = 0.491 598 due to nongenetic causes, and as a result the additive genetic variance = 1.501 599 (SE=0.18, p<0.001), residual variance (SE=0.11), and heritability = 1.226 ℎ 2 = 0.467 600 (SE=0.044) were overestimated (Fig 3d) .
601 For body size, we found (SE=0.09, p<0.001) and (SE=0.13, = 0.265 = 0.622
